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Objectives: To determine the influence of acute ischaemia nd absence of leukocytes on the microvascular ,function and 
capillary permeability in skeletal muscle. 
Design: Prospective, open study. 
Setting: University Department of Vascular Surgery and Institute of Medical Physiology. 
Materials and Methods: Ten isolated cat gastrocnemius muscles were per,fused with oxygen-free Ringer-albumin 
solution through the,femoral rtery. A 5/d bolus with 14.8 MBq SlCr-EDTA was injected through a side branch into the 
femoral artery, and the response function was detected over the muscle by a scintillation detector connected to a 
spectrometer and a computer. The per fusion coefficient was measured irectly at the venous outlet. The response,function 
was analysed in accordance with non-compartmental black box kinetic principles to give perfusion rate, capillary extraction 
fraction and capillary diffusional ~,ermeability-sur,face areaproduct (PdS). In separate xperiments he molecular size and 
the -free diffusion coefficient of Cr-EDTA in water at 37 C were determined by a modified true transient diffusion 
method. 
Main Results: During per,fusion the PalS-product increased as a -function o,f low rate, L in accordance with the linear 
regression line PeS = 1.78 + 0.15 f between 5 to 60 ml/lO0 g/min. This permeative conductance was identical to that found 
previously in a similar experimental set up with oxygenated whole blood perfusion. During oxygen free perfusion the 
perfusion rate was a linear function of arterial perfusion pressure, and autoregulation of blood flow did not occur in 
response to variations of arterial per,fusion pressures. The free diffusion coefficient in water at 37°C ,for 51Cr-EDTA was 
7.4 × lO~ cm2/s (n = 36), which corresponds to a Stokes-Einstein molecular adius, rsc, of 0.439 nm. 
Conclusions: In spite of complete anoxia and absence of normal microcirculatory flow regulating mechanisms there is no 
sign of changes in capillary diffusional permeability -for smaller hydrophilic molecules and -functional membrane damage 
is not elicited in the absence of oxygen under these conditions. 
Key Words: Autoregulation; Blood flow; Blood flow regulation; Capillary permeability; Diffusion; Endothelium; Ischaemia; 
Kinetics; Skeletal muscle. 
Introduction 
Since the discovery of the significance of oxygen- 
derived free radicals and activated leukocytes for the 
peripheral responses to ischaemia nd reperfusion, 
several studies have been undertaken to clarify the 
detailed responses of the microvascular exchange 
domains to these stimuli. 1' 2 One of the early effects of 
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ischaemia/reperfusion damage is peroxidation of the 
polyunsaturated fatty acids of biological membranes 
with subsequent disturbances in permeability, perm- 
selectivity and electrochemical gradients. Therefore it 
is of considerable theoretical and clinical interest o 
conduct detailed studies of each of the two contribut- 
ing factors, ischaemia nd reperfusion. 
The present study was performed to determine 
the influence of complete, acute ischaemia and 
absence of leukocytes in skeletal muscle on the 
diffusional capillary permeability of a small hydro- 
philic indicator applying exact, non-compartmental 
indicator kinetic analysis to the experimental response 
curves. 
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Material and Methods 
Animal preparation 
The experiments were performed on ten cats of either 
sex with a mean weight of 3.4 kg (range 2.7-3.9 kg). 
The animals were fasted overnight, and anaesthesia 
was induced by chloralose 70 mg/kg  injected intra- 
peritoneally. An endotracheal polyethylene tube was 
inserted through a tracheostomy, and the cats were 
allowed to breathe air spontaneously throughout. The 
rectal temperature was kept  constant at 37°C by 
automatic regulation of the temperature of the operat- 
ing table. 
The skin of the hind limb from the inguinal 
ligament o the paw was removed, and the Achilles 
tendon was cut close to the calcaneus bone. The 
gastrocnemius muscle was isolated from surrounding 
tissues by blunt dissection with ligation of all small 
blood vessels and nerves; all visible adipose tissue 
removed, and the leg disarticulated through the knee 
joint. A hole with a diameter of 3 mm was drilled 
through the compacta on the anterior aspect of the 
femoral bone 2 cm proximal to the knee joint, cotton 
soaked in vaseline was introduced into the bone 
cavity, and a screw was inserted to plug the hole. The 
muscle was wrapped in gauze moistened with iso- 
tonic saline, placed within a polyethylene sheet, and 
mounted above a copper plate that was heated by a 
water thermostat to ensure a constant muscle tem- 
perature of 37°C. 
The length of the muscle was adjusted to the 
normal resting length by regulating the distance 
between two fixation points, the screw and the tip of 
the Achilles tendon, the latter being tied to a stable rod 
mounted on the operating table. The femoral artery 
and vein and the sciatic nerve were isolated, and all 
side branches of the vessels were ligated and cut 
except for a small arterial side branch close to the knee 
joint. The femoral vein was cannulated close to the 
muscle with a 120 polyethylene catheter to collect the 
venous effluent. BloOd was not recirculated, and to 
compensate for b lood loss fresh cat whole blood with 
a temperature of 37°C was infused through a catheter 
in the contralateral femoral vein. Continuous ystemic 
arterial blood pressure was measured through a 120 
polyethylene catheter inserted into the contralateral 
femoral artery, a Statham strain gauge transducer, an 
oscilloscope and a Varian writer. The cats were 
anticoagulated with sodium heparin 1250 U/kg.  
The femoral artery was divided, and the distal 
part of the artery was cannulated with a 120 polyeth- 
ylene catheter leading to a reservoir containing cat 
Ringer-albumin solution: NaC1 7.014 g/l ,  KC1 0.112 
g/l ,  CaCI2, 2 H20 0.221 g/l ,  MgC12, 6 H20 0.203 g/ l ,  
NaHCO 3 1.85 g/l ,  K2HPO4, 3 H20 0.251 g/1. To 150 ml 
cat Ringer solution was added heparin 4000 U and 
human serum albumin (20% for infusion) 50 ml to give 
a 5% albumin solution. The perfusate was kept at a 
constant emperature of 37°C. The perfusion through 
the muscle was regulated by adjusting the height of 
the solution reservoir above the muscle that was 
perfused with the solution 30 minutes before the bolus 
injection. A line drawing of the experimental set up is 
shown in Fig. 1. 
Capillary permeability experiments 
The needle (0.4 mm o. d.) of a micro-syringe was 
introduced into the small side branch of the femoral 
CAT Ringer-albumin solution 
37°C 
1 
Scintillation ]1 
detector }] 
i 
Micro 5~fl Needle Femoral 
syringe SlCr-EDTA 0.4 mm 0 artery 
Fig. 1. The experimental set up. The isolated cat gastrocnemius 
preparation was perfused with cat Ringer-albumin solution without 
oxygen from the reservoir. All perfusate entered the muscle through 
the distal part of the femoral artery, and all effluent perfusate was 
collected through the catheter inserted into the femoral vein. The 
perfusion through the muscle was linearly related to the height of 
the reservoir above the muscle. A 5 ~tl bolus containing 14.8 MBq 
5~Cr-ethylene-diamine-tetraacetate (51Cr-EDTA, Hoechst) was 
injected into the midstream ofthe inflowing perfusate by use of the 
micro-syringe. The radioactivity as a function of time (the response 
function) was recorded by a NaI(TI) scintillation detector placed 
above the muscle. This system represents a non-recirculating single 
inlet, single outlet kinetic system and the response function 
recorded by residue (external) detection was analysed inaccordance 
with non-compartmental indicator kinetic principles. 
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arter)~ and the tip placed in the lumen of the femoral 
artery. A one inch NaI(TI) scintillation detector (PW 
411, type A, Philips) was positioned above the muscle 
close to the surface and the detector collimated to see 
only the muscle. 
By means of the micro-syringe a 5 pl bolus 
containing 14.8 MBq 51Cr-ethylene-diamine-tetraace- 
tate (51Cr-EDTA, Hoechst) was injected into the 
inflowing perfusate of the femoral artery. The needle 
was immediately withdrawn and removed from the 
field after injection of the bolus. The impulses 
recorded by the detector over the muscle were routed 
into a universal printing gamma-spectrometer (Medi- 
tronic) with a window of acceptance adjusted around 
the 0.320 MeV photopeak of S~Cr. The sampling 
integration time was 1 second. The recorded activity 
expressed in counts per second was printed out and 
stored on a computer via an interface unit. The activity 
was recorded for 300 to 400 seconds. 
The effluent perfusate from the muscle was 
collected, and volume per time unit was measured~ 
The gastrocnemius muscle was removed and 
weighed. Activity remaining in the field was deter- 
mined and used as background. 
Kinetic analysis of the recorded response curve 
The isolated cat gastrocnemius preparation used 
above is, in principle, a single inlet, single outlet 
kinetic system without recirculation that is monitored 
by residue detection (external registration) of the 
passage of the radionucleide indicator through the 
system. 51Cr-EDTA is a small hydrophilic indicator 
(Stokes-Einstein molecular radius 0.439 nm) that 
crosses the microvascular exchange barriers between 
blood andtissue (the capillary membrane) xclusively 
by diffusion. 
;The :detected'activity expressed in counts~per 
second~ Cpg; Was plotted in a semilogarithmic diagram 
as a ftincti0n of time; t(0) being the time of the bolus 
injection. The response function was analysed in 
accordance with the principles of the single injection, 
residue detection method that is based on exact, non- 
compartmental kinetic analysis. 3 
When a small hydrophilic molecule such as 51Cr- 
EDTA is used as indicator the recorded response 
curve, qR(t) represents he sum of two separate transit 
functions, qT(t) and qE(t): one for the fraction of the 
indicator bolus mass that passes through the organ by 
an exclusively intravascular route, the transmitted 
fraction, and another for the complementary fraction 
that, in addition to intravascular convection through 
the organ, also crosses the microvascular exchange 
barriers, the extracted fraction. Since these two transit 
functions have widely differing time constants, it is 
possible to determine the contribution of each of these 
two components by retropolation ofthe tail part of the 
curve back to peak time, where all the injected bolus 
mass is present in the field of detection. 
The value of qE(t) at the peak time, qE(tpeak), 
expressed as a fraction of the total injected amount at 
peak time, qR(tpeak), gives the capillary extraction 
fraction, E = qE(tpeak)/qR(tpeak). The perfusion coeffi- 
cient through the organ, f, can be determined kinet- 
ically by calculation of the intravascular mean transit 
time, fiv, from the equation 
fi~ = area/height 
• ~iv 
fiv = (~0 qT (t)dt)/qT (tpeak) since f = Viv/f iv , where 
Viv is the intravascular volume of distribution. 4 This 
kinetically determined perfusion coefficient can be 
compared to the directly measured flow rate through 
the venous outlet catheter. 
The product of the diffusional permeability coef- 
ficient, Pd, and the capillary surface area, S, is the 
capillary permeability-surface r a product, PdS. This 
is a measure of the permeative conductance of the 
membrane (PdS expressed in ml per 100 g tissue 
weight per minute is occasionally denoted the capri- 
lary diffusion capacity, CDC). In accordance with the 
Krogh tissue cylinder formalism 5 PdS = -f × K × ln(1- 
E), where K (here 0.89) is a factor that takes into 
account the Donnan transmembraneous effect and 
converts perfusion flow rate to perfusion water flow 
rate. 
Determination of the free diffusion coefficient 
The molecular size distribution and D, the free 
diffusion coefficient in water at 37°C of the indicator 
bolus batch, were studied by a modified true transient 
diffusion method. 6 A cylindrical 1.5 per cent agar gel 
block with a diameter of 5.1 mm and a thickness of 4.3 
mm was placed in a brass cylinder and mounted in a 
water bath at 37°C for 3 min.~SlCr-EDTA dissolved in 
3 ml isotonic Saline was placed on the agar block 
surface for 240 s. The block was immersed into 
isopentane pre-cooled in liquid nitrogen and frozen 
within 2 to 3 s. The block was cut into slices of 20 ~m 
in parallel with the block surface by a cryostat 
microtome (Fig. 2). 
Two slices were placed in each vial and incubated 
in a mixture of NCS tissue solubilizer (Amersham) 
and Ready-Solv HM scintillation cocktail (Beckman). 
The radioactivity was recorded by a liquid scintillation 
spectrometer adjusted to the proper photopeak. 
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Fig. 2. The small diffusion chamber used for measurement of the 
free diffusion coefficient in water at 37°C for 51Cr-EDTA. 
Background corrected count values were 
expressed as the inverse error function to the com- 
plementary value of the normalised concentration, c. 
The diffusion coefficient was calculated by 
c = Co x (1-erf(x/(2x(Dxt)°'5))), 
where x is diffusion distance in cm, and t is diffusion 
time in seconds. The diffusion coefficient in agar was 
multiplied with the correction factor (1 + ~x{p') 
where q}' is the fraction 0.05 occupied by agar in 1.5 per 
cent agar gel to yield the free diffusion coefficient in 
water at 37°C. 
Results 
The results of the individual experiments are pre- 
sented in Table 1. The relationship between PaS and 
perfusion flow rate, f, was found to be P~S = 1.78 + 
0 .151f ( r  = 0.90, t = 5.97, DF = 8), i. e., the PdS- 
product was a linear function of perfusion rate within 
the entire examined perfusion rate range. 
The response function recorded in Experiment 
No. 2 is presented in Fig. 3. In this case the perfusion 
reservoir was adjusted to give a perfusate flow rate 
through the muscle of about 7 ml/100 g/rain. Since 
the muscle at the end of the experiment was found to 
have a weight of 23.9 g, and since the directly 
Skeletal muscle 
51Cr-EDTA 
© 
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Fig. 3. The response function recorded in Exp. No. 2. 
360 
measured perfusate flow rate was 1.7 ml/min,  the 
directly measured perfusion coefficient was 7.1 ml /  
100 g/min.  
The 5 [xl 51Cr-EDTA bolus was injected into the 
midstream of the inflowing perfusate, and a max- 
imum activity of 10293 cps was recorded by the 
detector over the muscle 5.5 s after injection (peak 
time). The activity was followed for 360 s (dots), and 
the rate constant, k, of the slope (straight line) from 181 
to 360 s after injection was calculated by least squares 
regression analysis to be -0.001067/s (standard evia- 
tion, S.D., on k: 0.00003492, regression coefficient 
-0.9162). The interception of this slope with the 
ordinate at time zero was 2951 cps (S.D. on a: 0.004163), 
so qE(t) -- 2951 X exp(-0.001067 t) which gives a 
value of 2933 cps at peak time. The capillary fractional 
extraction was then E = 2933/10293 = 0.285. 
For each t in s the numerical value of qE(t) was 
calculated and subtracted from the originally recorded 
cps-values, qR(t), to give qT(t) (crosses) from which the 
intravascular mean transit time was calculated as the 
area under this curve divided by the value of the same 
curve at peak time (the height = 10293 -2933 -- 7360). 
Since the total intravascular volume in skeletal muscle 
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diffusional expressed as the capillary permeability-surface area product, PeS, was Table 1. Experimental results. Capillary permeability, 
determined for the small hydrophilic indicator 51Cr-EDTA (Stokes-Einstein molecular adius 0.439 nm) in the isolated cat gastrocnemius 
muscle preparation perfused with cat Ringer-albumin solution without oxygen. The perfusion coefficients were determined by direct 
measurement of the effluent perfusate from the muscle and by kinetic analysis of the recorded response function. E is a capillary 
fractional extraction 
Exp. No. Muscle weight (g) Perfusion coefficient Capillary extraction fraction PdS 
Direct Kinetic 
ml/100 g/min ml/100 g/rain 
1 20.4 
2 23.9 
3 30,2 
4 24.8 
5 30.9 
6 29.3 
7 36.3 
8 35.6 
9 29.6 
10 27.6 
Mean 28.9 
S.E. 1.6 
24.5 28.3 0.282 8.33 
7.1 9.4 0.285 2.80 
5.3 4.3 0.234 1.03 
39.2 28.6 0.229 6.62 " 
27.5 20.3 0.188 3.74 
16.2 15.7 0.306 5.11 
44.4 39.3 0.195 7.57 
38.4 43.6 0.206 8.95 
47.3 43.5 0.205 8.90 
65.2 58.3 0.156 8.81 
31.5 29.1 
6.0 5.4 
is 0.03 ml/g, the kinetically calculated perfusion 
coefficient was 9.38 ml/100 g/min. 
The PalS-product in this experiment was conse- 
quently 2.80 ml/100 g/min. At the conventional 
capillary surface area estimate of 70 cm2/g in skeletal 
muscle the diffusional permeability coefficient, Pa, for 
51Cr-EDTA was 0.67 × 10 -5 cm/s. There was a linear 
relationship between the hydrostatic perfusion pres- 
sure and the perfusion coefficient within the examined 
ranges of perfusate pressures and flows. An example 
of a curve obtained by the experiments with determi- 
nation of the free diffusion coefficient in water of 51Cr- 
EDTA at 37°C is given in Fig. 4. 
The count values recorded from the agar slices in 
the scintillation detector were expressed as the inverse 
error function to the complementary value of the 
normalised concentration. When the normalised con- 
centration, c, is plotted as a function of diffusion 
distance, x, on probability paper, a straight line will 
result if the molecules have identical diffusion charac- 
teristics (i.e., the same Stokes-Einstein molecular size). 
By an iterative process the concentration at the surface 
of the agar blocks was found, and the other c(t) values 
were normalised with respect o that value (Co -- 1). 
The slope of the straight line was found by the least 
squares technique. The diffusion coefficient was then 
calculated from the equation c = Co (1 - erf(x/ 
0.1 
0 
i °.+ 
% 
51Cr-EDTA 
0.05 0.10 
\ 
":~q: 
% 
0.15 
%% 
".. 
cm 
0.01 ~- "'.... 
Fig. 4. A graphic presentation of the diffusivity of the SlCr-EDTA 
used in the present study. For details and for determination of D, 
the free diffusion coefficient in water at 37°C, see text. 
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(2 X (D × 0o'5))) solved for the distance corresponding 
to the 10 per cent level. Diffusion distance in cm is 
denoted by x, and t is diffusion time in s. This is in 
accordance with the Einstein-Schmoluchowsky olu- 
tion of Fick's diffusion equation, [2] = (2 × D × 0 °5, 
where [2] is the distance of the concentration profile in 
cm from the surface of the agar block to the point 
where c(t) = 0.5. The diffusion coefficient in agar was 
multiplied with the correction factor (1 + ~ x 0') where 
x o is the fraction 0.05 occupied by agar in 1.5 per 
cent agar gel to yield the free diffusion coefficient in 
water at 37°C. 
Figure 4 demonstrates that the molecules in the 
batch of 51Cr-EDTA were uniform with a D value of 
7.4 × 10-6 cm2/s, which corresponds to a Stokes- 
Einstein molecular radius, rsE, of 0.439 nm, since rSE = 
k B ×T/(6~ID ) where kB is the Boltzmann entropy 
constant = 1.3806 × 10 -23 J /K ,T  is the absolute 
temperature, 310.15°K, and q is the dynamic viscosity 
of the fluid, 7 × 10 -3 Poise. This plot also demonstrates 
that there was no free 51Cr in the injectate. The mean 
value for D found in the present series was 7.4 × 10-6 
cm2/s with a standard error of the mean, s.E. of 
4.0 × 104; the number of experimental determinations 
of D was 36. 
Discussion 
The isolated cat gastrocnemius muscle preparation of 
the present study has previously been used in system- 
atic investigations of diffusional capillary permeabil- 
78 ity for smaller hydrophilic molecules" as well as 
macromolecules such as albumin 9" 20 and for study of 
the inert gas diffusion method for measurement of 
blood flow. 11 The kinetic technique has been applied 
to a number of tissues 3 (skeletal muscle, adipose 
tissue, skin, myocardium, human forearm, human 
heart) and the aggregated results have provided 
evidence for the existence of a standard somatic 
capillary, i.e. the permeation characteristics for a given 
molecule are identical in all tissues with continuous 
capillaries.3 The transcapillary pathway for diffusion 
is probably around 15 nm. This dimension is not 
compatible with the concept that the molecules diffuse 
across the capillary membrane by the paracellular 
pathway 12 (through the slits between the endothelial 
cells) but rather through a dynamic hannel system of 
fused intraendothelial vesicles that, occasionally, 
forms a wide open channel through the entire endo- 
thelial cell. 13 
In studies of diffusional capillary permeability it 
is essential to determine the molecular size distribu- 
tion in the indicator batch and the amount of isotopes 
that is not bound to the indicator substance under 
study. In the present series we found uniformity of the 
51Cr-EDTA indicator molecules as observed for more 
than 99 per cent of the injected ose. The free diffusion 
coefficient in water at 37°C was 7.4× 10 -6 cm2/s 
which corresponds to a Stokes-Einstein molecular 
radius of 0.439 nm. 
The physiological responses of the microvascu- 
lature after reperfusion following ischaemia re, for 
obvious reasons, of interest o vascular surgeons. It 
has become apparent hrough basic research and 
clinical investigations, especially within the field of 
acute revascularisation after thrombosis of the coro- 
nary arteries, that ischaemia/reperfusion induces 
reversible functional disturbances without morpho- 
logical changes uch as cardiac stunning 14, so that 
reperfusion can be considered a double-edged 
sword, is In the peripheral circulation the ischaemia/ 
reperfusion compartment syndrome may occur after 
arterial revascularisation, and in conjunction with 
organ transplantation ischaemia/reperfusion s of 
considerable theoretical nd practical importance. The 
fundamental pathophysiological mechanisms leading 
to development of ischaemia/reperfusion damage are 
a general biological response common to all organs, 
including brain, 16 with a well defined temporal course 
of events. 17 In this context the problem of no reflow (or 
minimal reflow, poor reperfusion) is of significance 
due to microvascular thrombus formation and leuko- 
cyte capillary plugging during ischaemia, is'29 
One of the immediate consequences of blocking 
the blood perfusion to an organ or a tissue is a reduced 
or abolished ability of the cells to synthesise ATP and 
so the cells try to maintain an adequate energy supply 
by depleting their reserves of high energetic reatine 
phosphate as mitochondrial oxidative phosphoryla- 
tion ceases or by adenine nucleotide substrate deple- 
tion. After about three hours these reserves will be 
depleted, and the ATP-concentration will approach 
zero in about 7 hours. In addition adenine nucleotides 
will be broken down to dephosphorylated nucleo- 
sides. The intracellular ATP will through a series of 
steps, be transformed toxanthine. In ischaemic tissues 
that are reperfused with blood containing molecular 
oxygen, xanthine will be transformed touric acid and 
the superoxide radical, z" 20 The latter can be converted 
to the hydroxyl radical. These two reactive oxygen 
metabolites are termed oxygen-derived free radicals 1 
and constitute a subgroup of reactive oxygen 
metabolites. 
The oxygen-derived free radicals are believed to 
be the main factors responsible for ischaemia/reperfu- 
sion damage since they may induce peroxidation of 
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polyunsaturated fatty acids in the membranes of cells 
and organelles and oxidation of proteins, including 
DNA, so both permeability and permselectivity will be 
acutely disrupted. The actual existence of extremely 
short lived oxygen-derived free radicals has been 
documented by electron spin resonance measure- 
ments. 21'22 The consequence of these processes is 
disruption of the transmembraneous ion channels, so 
that the transport of calcium and the calcium stimulated 
ATP-ase that sequesters cytosolic calcium in the 
oedematous sarcoplasmic reticulum becomes defective. 
Simultaneously, the sodium pump is disrupted, the 
calcium influx increases, and intracellular overload 
results. The electrochemical gradients across the bio- 
logical membranes, including intracellular, will be 
deranged. One of the effects of these chains of events is 
an inability to resynthesise adenine nucleotides and 
glycogen during reperfusion, a characteristic phenome- 
non for damaged skeletal muscle. 2°' 23 At  the same time 
the activation of leukocytes 24 is of importance, espe- 
cially in the early phases of reperfusion where leuko- 
cyte enzymes are liberated. 25 A great number of 
leukocytes, especially neutrophils, have been shown to 
adhere to the endothelium due to activation of a 
glycoprotein, and some of these inflammatory phagocy- 
totic cells migrate through the vessel wallJ 9 It is 
entirely possible that the expression of specific adhe- 
sion molecules on neutrophils is a critical step in the 
ischaemia/reperfusion process. Leukocytes are proba- 
bly also responsible for the major part of donation of 
iron necessary for completion of the Fenton and/or 
Haber-Weis reactions. The endothelium in itself is 
markedly changed during ischaemia with swelling, 
denudation and an increased expression of microvilli 
on the endothelial surface together with disruption of 
the glycocalyx and of the basement membrane. The 
microvilli may have a role in the production of delayed 
postischaemic hypoperfusion by increasing vascular 
resistance. 26The complement cascade system can also 
be activated to deplete complement proteins (comple- 
ment consumption). 24 The products of free radical- 
mediated membrane injury in the form of phospholipid 
oxidation, the hydroxy-conjugated dienes, may accu- 
mulate locally, especially certain isomers. 27 Cytokines 
such as interleukin-1 as well as platelet activation factor 
may also play a role for ischaemia/reperfusion injury in 
striated muscle. 2s A point of particular interest is the 
possible protective effect of organic nitric oxide 
29 30 31 donors ' and anti-oxidants and thromboxane has 
been implicated. 25 Two of the effects of these changes 
are reduced sensitivity to vasoactive substances and 
damage to the membrane  receptors. 
These phenomena have been studied in several 
organs, but it is noteworthy that an exact study of the 
contribution of ischaemia lone on the permeability of 
common test indicators is not available. Since change of 
the permeability for these substances would be 
expected to be one of the first significant disruptive 
processes due to the very early and fast peroxidation of 
the capillary membrane by the oxygen-derived free 
radicals, we designed the present study to address the 
question whether acute ischaemia in itself had any 
effect on the permeability characteristics of the micro- 
vascular exchange domains of skeletal muscle, within a 
time range that was characterised by an absence of 
morphologically detectable changes in the barriers. 
As can be seen from Table 1 and Fig. 5, the PdS- 
product for 51Cr-EDTA is the same in muscles perfused 
with normal, oxygen containing blood as with Ringer- 
albumin solution without oxygen within the entire 
perfusion range which represents the normal physio- 
logical conditions of rest and of graded exercise. In the 
oxygen-flee series the vascular beds of the muscle 
reacted passively to changes in the perfusion pressure 
head (venous pressure = 0 mm Hg) because the muscle 
was hypoxic, and the perfused capillary surface area, S, 
is a function that is solely dependent on the perfusion 
pressure head. In the oxygen-free series the arterioles 
are probably maximally dilated due to the severe 
ischaemia at all perfusion rates since the normal 
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Fig. 5. Capillary permeability in skeletal muscle. Oxygenated blood 
(11) vs. anoxic Ringer perfusion ( + ). The PalS-products of the present 
series were plotted in a linear diagram as a function of perfusion 
rate, f, ( + and unbroken line). The data fit well with the equation for 
a straight line: PdS -- 1.78 + 0.151f (r = 0.90, t = 5.97, DF = 8). 
There was no levelling off at the high perfusion ranges. 
Superimposed onthe diagram, with the same axis scales, are results 
from a previous eries of experiments where the experimental set 
up and procedure was identical to the present one, except for the 
fact that the muscle was autoperfused with normally oxygenated 
and autologous cat whole blood. In this case the blood flow rate was 
regulated by electric stimulation of the sciatic nerve to make the 
muscle contract and increase its blood flow. This series of 
experiments gave the relationship PdS = 2.12 + 0.14 × plasma 
flow rate (11  and dashed line). As can be seen there was no 
difference in diffusional capillary permeability for SlCr-EDTA 
between the two sets of experiments. 
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reactions of autoregulation and of increasing the 
venous pressure were not found to be present. It must 
be concluded - -  as is found in patients with critical 
ischaemia - -  that the normal arteriolar vasoconstric- 
tory/vasodilatory mechanisms have been disrupted by 
the ischaemia. This means that the increase in the 
number of perfused capillaries (and in perfused capil- 
lary surface area, S) during severe ischaemia is a 
function of the hydrostatic pressure at the arterial 
inflow and not of an active vasoregulatory process. The 
recent finding of a decrease in myocardial capillary 
extraction and PaS during intracoronary infusion of 
enzymatically generated free radicals to normal per- 
fused hearts 32 is important since the radicals themselves 
appear to derecruit capillaries which leads to a decrease 
of perfused capillary surface area, S. 
Several years ago it was suggested, on the basis of 
studies of the capillary filtration capacity (the product 
of the hydraulic onductivity and the capillary surface 
area), that the perfused capillary surface area was 
controlled by functional precapillary sphincters. 33The 
tone of these sphincters was considered to be influ- 
enced mainly by local metabolic factors. An increased 
tone should decrease the precapillary cross-sectional 
area, which in turn should lead to an increased vascular 
resistance to perfusion and be followed by a decrease in 
the capillary filtration capacity. More recent studies 34 
have shown that the capillary filtration capacity is not 
influenced by vascular esistance or anoxia, which was 
regarded as evidence against the concept of local 
metabolic ontrol of the capillary filtration capacity by 
the precapillary sphincters. 
In a series of investigations of permeability of 
muscle capillaries during severe cooling it was demon- 
strated that the permeability was not changed under 
these conditions when the experimental data were 
corrected for the decrease in free diffusion coefficient 
with decreasing temperature. 35 This may be taken as 
evidence for the belief that permeability and filtration 
are passive processes that are not immediately depend- 
ent on oxygen. The present experiments with acute 
ischaemia clearly show that, at a given perfusion rate, 
P,~S is independent of oxygen and probably also of 
other local metabolic factors, although these factors 
could be washed out from the tissues by the perfusate 
before such a concentration could be reached so as to 
affect the microvascular flow controlling mechanisms. 
Our studies do not support the theory 34 that some 
(unidentified) factor in the blood is responsible for 
maintaining normal capillary permeability. 
The findings of the present study have a number of 
clinical implications, ince it is apparent that, within the 
time domain of ischaemia studied, ischaemia in itself 
does not disrupt microvascular permeability. For these 
reasons every step should be taken to ensure that the 
disruptive, damaging and, ultimately, life threatening 
effects of acute reperfusion with molecular oxygen are 
prevented. 
The theoretical foundations for a set of practical 
guidelines now warrant the following suggestions: 1) 
blood flow in the reconstructed arteries should be 
controlled to reduce the peripheral perfusion pressure 
in the acute revascularisation phase; 36 2) if the periph- 
eral ischaemia is pronounced collection and disposal of 
the effluent blood by cannulation of the femoral vein 
should be considered; 3) hyperosmolar perfusates 
should be used in the initial reperfusion phase by 
adding these to the inflowing blood36; 4) the acidosis 
should be immediately reversed, 37and systemic infu- 
sion of sodium bicarbonate started before declamping; 
5) calcium channel blockers should be considered; 6) 
administration of specific or unspecific scavenger mole- 
cules or antioxidants (superoxide dismutase, 38' 39 cata- 
lase, 4° mannitol, altopurinol, 41 desferrioxamine 42 - -  an 
iron chelating agent neutralising the iron entering the 
Fenton and/or Haber-Weis reactions, and possibly 
iloprost43); 7) furosemid in doses to secure a diuresis of 
at least 200 ml/h to minimise risk of acute tubular 
necrosis; 8) heparinisation and administration of 
thrombocyte aggregation inhibitors should be con- 
sidered; and, finally, 9) frequent clinical examination 
should be made in the acute reperfusion phase, and 
fasciotomy made without delay, if signs of compart- 
ment syndrome develop. 
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